Absorbing airborne noise at frequencies below 300 Hz is a particularly vexing problem due to the absence of natural sound absorbing materials at these frequencies. The prevailing solution for low-frequency sound absorption is the use of passive narrow-band resonators, whose absorption level and bandwidth can be further enhanced using nonlinear effects. However, these effects are typically triggered at high intensity levels, without much control over the form of the nonlinear absorption mechanism. In this study, we propose, implement, and experimentally demonstrate a nonlinear active control framework on an existing experimental (linear) electroacoustic resonator prototype, allowing for unprecedented control over the form of non-linearity, and arbitrarily low absorption intensity thresholds. More specifically, the proposed architecture combines a linear feedforward control on the front pressure through a first microphone located at the front face of the loudspeaker, and a nonlinear feedback on the membrane displacement estimated through the measurement of the pressure inside the back cavity with a second microphone located in the enclosure. It is experimentally shown that even at a weak excitation level, it is possible to observe and control the nonlinear behaviour of the system. Taking the cubic nonlinearity as an example, we demonstrate numerically and experimentally that in the low frequency range ([50 Hz, 600 Hz]), the nonlinear control law allows improving the sound absorption performance, i.e. enlarging the bandwidth of optimal sound absorption while increasing the maximal absorption coefficient value. The reported experimental methodology can be extended to implement various types of hybrid linear and/or nonlinear controls, thus opening new avenues for managing wave nonlinearity and achieving non-trivial wave phenomena.
I. INTRODUCTION
Active control, when applied to Electroacoustic Resonators (ERs) to enable the adjustment of their impedance, was early considered for achieving broadband sound absorption in the low frequency range [1] [2] [3] [4] [5] . The concept offers a wide range of achievable acoustic impedances, including the synthesis of narrow-band single-degree of freedom (SDOF) resonators [5] , or resonances with multiple degrees of freedom [3, 4] . Such tunability is key in many applications, such as room mode damping [6, 7] or aircraft engine tonal noise reduction [8] . Recently, active control has also received a surge of interest as a tool for designing Acoustic Metamaterials (AMMs) that overcome the restrictions imposed by passive AMMs [9] [10] [11] [12] , thereby expanding the reach of metamaterial science to a wealth of nontrivial acoustic phenomena such as PT-symmetry scattering [13] [14] [15] [16] , wavefront shaping [17] [18] [19] and non-Hermitian wave control [20, 21] . A notable technique for active impedance control uses an electroacoustic loudspeaker, whose acoustic impedance can be modified either by shunting its electric terminals with an engineered electric load [1, 5, 7] , or by feeding back a current/voltage that would be pro- * xinxin.guo@epfl.ch † herve.lissek@epfl.ch ‡ romain.fleury@epfl.ch portional to a combination of sensed acoustic quantities [2, 7, 22] . In the field of Active Electroacoustic Resonators (AERs), most previous studies are carried out under the assumption that the involved acoustic parameters are small enough to ensure that they remain linear at low frequencies. Nevertheless, nonlinear resonators exhibit also interesting performances that contribute to a variety of wave phenomena. For instance, a primary linear resonator coupled with a purely nonlinear resonator, known as Nonlinear Energy Sink (NES) [23] [24] [25] [26] enables vibration extinction of the linear system, a phenomenon called energy pumping or targeted energy transfer [27] [28] [29] [30] [31] . Typical nonlinear effects such as higher harmonic generation have been demonstrated and investigated in metamaterials made of nonlinear resonators [32] [33] [34] . However, the aforementioned systems usually do not allow tunable non-linear behavior, and are typically associated with large non-linear thresholds especially at low intensities. Unlike for electromagnetic signals for which nonlinearity has been exploited and incorporated with active control [35, 36] , the possibility to create acoustic resonators with tunable nonlinear response [36, 37] has been left largely unexplored, except in a recent numerical study by D. Bitar et al. [38] .
In this paper, we establish both numerically and experimentally a novel control methodology that enables achieving a controllable nonlinear SDOF AER and allows nonlinear effects even at weak excitation levels. This is obtained through a current-driven feedback control framework applied on a closed-box electrodynamic loudspeaker. Focusing on the sound absorption performance, we use our findings and determine a proper control law that allows improving sound absorption.
The paper is organized as follows. Based on the known linear theory of active impedance control on the ER, a novel nonlinear control strategy is firstly introduced and presented in Section II. The corresponding experimental set up is then developed and described in Section III. Thereafter, the absorption performance of the achieved nonlinear AER prototype is examined. Two different types of control laws are considered; a purely nonlinear control law (Section IV) and hybrid control laws that combine different linear settings with the proposed nonlinear one (Section V). Simulation through a time-domain integration method is also implemented for both types of control configurations, in order to verify and validate the experimental results.
II. NONLINEAR SINGLE DEGREE-OF-FREEDOM ELECTROACOUSTIC RESONATOR
A. Description and working principle
In the low frequency range and under weak excitation, an electrodynamic loudspeaker behaves as a linear SDOF ER. The mechanical part of the loudspeaker can be simply modeled as a conventional mass-spring-damper system, where the moving diaphragm of mass M ms is attached through an elastic suspension of mechanical compliance C ms , and the global losses are accounted for in the mechanical resistance R ms . In the present work, we consider a loudspeaker closed in an enclosure of volume V b . Fig. 1 illustrates the schematic representation and the circuit analogy of the closed-box loudspeaker. Denoting S d the effective area of the loudspeaker diaphragm and Bl the force factor of the moving-coil transducer, the Newton's second law, applied to the loudspeaker diaphragm, reads:
where p f (t) and p b (t) designate the acoustic pressures applied to the front face and at the rear face of the membrane, whereas v(t) and i(t) represent the acoustic velocity of the diaphragm and the current circulating in the moving coil, respectively. At low frequencies, the sound pressure inside the cavity of volume V b is assumed uniform, yielding a linear relation between the rear pressure p b (t) and the displacement of diaphragm ξ(t) = v(t)dt, i.e.,
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Schematic representation (a) and circuit analogy (b) of the considered closed-box electrodynamic loudspeaker system (source: Rivet, 2016 [7] ).
with C ab = V b /(ρc 2 ) representing the acoustic compliance of the enclosure, where ρ and c denote the air mass density and the associated speed of sound. Introducing the overall mechanical compliance C mc = C ms C ab /(S 2 d C ms + C ab ) accounting for the fluid compressibility on the rear face of diaphragm, Eq. (1) can be rewritten as:
In the open circuit configuration, i.e., i = 0, the frequency response of the considered ER is characterized by the specific acoustic impedance Z as defined by
where M as = M ms /S d , R as = R ms /S d and C ac = C mc S d are the equivalent acoustic parameters. When the loudspeaker is driven with a given electrical current, the added term due to i(t) = 0 leads to an impedance response different from Z as . Active impedance control is typically based on controlling the current that pass through the loudspeaker. This type of control has proven to be more stable compared to the others such as voltage control [7] , as it offers the opportunity to tune the acoustic impedance and the absorption performance of the acoustics resonator without having to model its electrical part.
B. Acoustic impedance control of a linear ER
Before introducing our non-linear control strategy, let us present the case of linear control, and how it is realized. To this end, we start by defining the target specific acoustic impedance Z st , that we would like our controlled system to have. We assume here that it takes the form of a SDOF resonator, similar to the passive impedance of Eq. (4):
where µ 1 , µ 2 and R st are design parameters corresponding to the desired mass, compliance and resistance of the controlled ER, respectively. Such target impedance parameters are used to adjust the frequency response of resonator (resonance frequency, quality and damping factor). Regarding the absorption performance, it is easy to show that the maximum absorption appears at the frequency [7] :
where f s is the natural resonance frequency of the ER. Thus, by adjusting the ratio µ 2 /µ 1 , the frequency of maximum absorption can be tuned (note that it can also be left unchanged to f s ). Additionally, perfect absorption can be achieved as well at prescribed frequency f st if the target resistance R st reaches the specific acoustic impedance of air, i.e., R st = Z c = ρc. The objective of active impedance control is to identify the controller transfer function enabling the desired conversion from the input pressure p f , that is sensed using a microphone, to the output current i that is sent back to the loudspeaker, in order to achieve a target impedance Z st on the ER. In the considered linear regime, the transfer function Φ(s) can be derived from Eq. (3) in the Laplace domain (with variable s) as:
where subscript L denotes the linear regime. Through the control of the current I L delivered to the loudspeaker terminals as a function Φ(s) of the input front pressure P f , the impedance and the absorption properties of the resonator can therefore be tuned. This was previously demonstrated over a quite wide frequency range, depending on the control parameters (µ 1 , µ 2 , R st ) [1] .
C. Nonlinear control of the ER As previously seen in Eq. (2), the rear pressure p b is proportional to the displacement of the loudspeaker diaphragm in the low frequency range. This provides the opportunity to define a current i N L as a function of a nonlinear transformation of the rear pressure. In the present work, we propose to add a non-linear part to the control law by driving an additional current i N L , defined as a non-linear cubic transformation of the rear pressure (8) where β N L denotes the tunable nonlinear parameter, while G mic and G ui are the sensibility of the microphone and the gain that converts the voltage into current, respectively. Then, such current i N L will contribute to adding a nonlinear component to the stiffness (inverse of compliance) of the resonator, that would be fully adjustable and potentially much larger than what is possible with passive mechanical elements. Indeed, for an intrinsically nonlinear mechanical system, a relatively strong excitation is always required to trigger nonlinear effects. Here instead, by simply increasing the nonlinear parameter β N L , the proposed nonlinear control law facilitates the emergence of nonlinear phenomena without requiring large excitation levels. Implementation and further interpretation of the proposed nonlinear control law are presented in the Section IV and the Section V, by considering either a pure nonlinear control defined with i = i N L , as well as a hybrid control with i = i L + i N L .
III. EXPERIMENTAL SET UP
In this work, the chosen metric of interest is the sound absorption coefficient α(jω). This quantity can be measured in a straightforward manner by sensing both the front pressure, using a microphone placed near the front face of loudspeaker, and the membrane axial velocity, employing a laser vibrometer focused on the loudspeaker diaphragm. Such quantities are measured in time domain using Bruel & Kjaer PULSE LabShop and processed in the frequency domain through the B & K Pulse FFT analyzer module. This allows the effective specific acoustic impedance of the diaphragm Z(jω) = P f (jω)/V (jω) to be extracted. Then, the sound absorption coefficient α(jω) is obtained as
where Z c = ρc denotes the specific acoustic impedance of air. A commercially-available electrodynamic loudspeaker (Monacor SPX-30M) is employed in measurements, and is closed by a cavity of volume 12 mm × 6 mm × 12 mm. The considered ER presents a resonance frequency around 200 Hz. Notice that the definition of the linear control law requires knowing the mechanical parameters M ms , R ms and C mc as well as of the force factor Bl. These parameters are identified from two calibration measurements of the acoustic impedance, the first obtained with the ER in open circuit and the second in short circuit case, as presented in Ref. [7] . The extracted loudspeaker parameters, as well as the estimated effective area S d of loudspeaker, are summarized in Table. I In addition, since the analytic model of Eq. (3) assumes that the acoustic pressure acts uniformly on the diaphragm, the front face of the loudspeaker is inserted in a short tube to make sure that the incident field is indeed a plane wave.
Furthermore, for the control implementation, two PCB Piezotronics Type 130D20 ICP microphones are employed for sensing the front pressure p f and the rear pressure p b , as illustrated in Fig. 2 . In the case of purely nonlinear (or linear) control, only the measured rear (or front) pressure is used by the control system to generate an output current to the ER, whereas for achieving the hybrid active control, both pressures p f and p b in front and at the rear of loudspeaker diaphragm are used. The control law of control system is operated through a National Instrument CompactRio FPGA platform, set via LabVIEW 2017 (32bit). The current-drive amplifier feeding back the ER enables the conversion from voltage to current with a gain of G ui ≈ 9.63 mA/V. In all measurements, only weak excitation levels are considered to ensure that the nonlinear effects result only from the active control. Table II summarizes the excitation levels delivered to the source input and the maximum magnitude of the relevant incident acoustic pressures measured at the right end of the tube close to the position of loudspeaker diaphragm. In order to get a better signal-to-noise ratio, the second lower excitation level, i.e., 20 mVrms, is mainly considered in the following sections. 
IV. NONLINEAR IMPEDANCE CONTROL
A first calibration test is performed to assess the proportionality between the measured rear pressure p b and the diaphragm displacement ξ, as assumed in Eq. (2) . For that, the transfer function H P ξ = P b (jω)/Ξ(jω) = jωP b /V is estimated with the Pulse Software for frequencies under 600 Hz, and is displayed in Fig. 3 . The measurement confirms that this transfer function is almost constant in the frequency range of interest, and that the proportionality factor is around 925 × 10 3 Pa/m. After validation of the required linear relation, a pure nonlinear control law defined with i = i N L (Eq. 8) is applied to the ER. In Fig. 4 , we show measurements associated with the linear and nonlinear configurations, defined by β N L = 0 and β N L = 40, respectively. We show for both cases the front acoustic pressure p f (t) measured in the time domain (top), the frequency response obtained by Fourier Transform (FFT) of the time signal having duration of 10 s (bottom), as well as the Pseudo-Phase Plan (PPP) [39] [40] [41] reconstructed with axes being the measured pressure itself and the pressure delayed by a quarter period. For the time domain measurements, a monochromatic sine source of weak magnitude 20 mVrms is considered, leading to an incident wave of magnitude around 1.1 Pa (94.81 dB) in front of the ER (see Table  II ). Such excitation level is generally too small to trigger mechanical nonlinearities. However, due to the active na- ture of the control, nonlinear effects can be prominent, especially when exciting close to the natural resonance frequency of resonator. For instance, here we consider an excitation frequency of 140 Hz, which is near the ER resonance frequency of f s = 200 Hz. The illustrated signals in Fig. 4 are all normalized with respect to their maximum magnitudes.
In the linear regime, as expected, the time response of pressure corresponds to a sine curve and the frequency response exhibits a single peak at the excitation frequency (Fig. 4(a) ). A simple closed circle is therefore observed in the PPP representation depicted in Fig. 4(b) . Then, when the nonlinear active control is applied, noticeable distortion appears in the time response, due to the generation of a third harmonic that can be easily identified in the frequency domain, as illustrated in Fig. 4(c) . The harmonic effect yields a closed curve of concave rhombus shape in the PPP, close to the theoretical phase portrait of the cubic product of sine signal. Hence, the proposed nonlinear active control allows the construction of a cubic nonlinear resonator, as intended in the specified control law (Eq. (8)).
The focus is hereafter put on the effect of the nonlinear control on the sound absorption properties of the achieved active nonlinear ER. The experimental absorption coefficient measured on the active prototype for a nonlinear control case corresponding to β N L = 40 is presented in Fig. 5(a) , under the same weak excitation level as before (20 mVrms) .
When comparing the cases of control on (β N L = 40) and off (β N L = 0), it is noticeable from Fig. 5(a) that the introduced nonlinear active control contributes primarily to the enlargement of the absorption bandwidth towards low frequency in the vicinity of the resonance. Indeed, the nonlinear effect manifests gradually with the increase of β N L especially near the natural resonance of the resonator [32, 33] , favoring the energy conversion from the fundamental wave to higher harmonics, i.e., to the third harmonic in the considered case. As a result, absorption near the resonance can be improved. We additionally verified that the same absorption curve can be obtained at lower excitation levels simply by increasing the value of β N L , which is a clear advantage. While the bandwidth increase is significant, the performed nonlinear control does not enables an very large improvement in terms of maximal absorption magnitude. Section V will show how a hybrid control (combination of a linear and a nonlinear law) allows improving the absorption performance of the ER compared to the case of pure nonlinear control.
In order to validate that the observed nonlinear behavior results from the defined nonlinear control rule, a numerical simulation by using the classical fourth-order Runge-Kutta (RK4) integration method [42] is herein implemented via Matlab. In the simulation, the time delay τ between the input and the output of the control system is accounted for, since such delay can impact the resulting absorption coefficient to be different from the one obtained directly via Eq. (3). Thus, with the defined
, the full problem under consideration is described by the modified motion equation as:
where H(t − τ ) is the Heaviside function which equals to 1 for t ≥ τ and to zero for else. For the sake of accuracy, a stepwise monochromatic source with duration of 20 s at each frequency step is considered in the simulations. For each discrete frequency, the absorption coefficient as defined in Eq. (9) is derived from the total front acoustic pressure and the velocity that are determined by solving numerically the above motion equation Eq. (10). Fig. 4(b) shows the simulation results for both the control off case (β N L = 0) and the nonlinear control case (β N L = 40), under sine excitation performed with a frequency step of 4 Hz in the range of [50 Hz, 600 Hz]. The considered time delay is set τ = 6 × 10 −5 s as assessed on the experimental setup. According to the comparison between Fig. 4(a) and Fig. 4(b) , the simulation and the experimental results present the same trend. However, the simulation is implemented with physical parameters (M as , C ac , R st and Bl) that are numerically extracted from beforehand impedance measurements (in open circuit case and in short circuit case respectively). The likely mismatch in the system parameters estimation can explain the slight differences between the simulation and the experimental results in the control off configuration, also observable in the two corresponding nonlinear results. Although the employed parameter estimation method could be further improved, the comparison between experiments and the simulations, together with the time domain investigations, still establish that the proposed nonlinear active control allows converting the linear SDOF ER into a cubic nonlinear one, following the desired control law of cubic nonlinearity.
Moreover, since the linear active control characterized by the transfer function of Eq. (3) allows tuning the acoustical properties of system in a controllable manner, it is interesting to combine the linear and the nonlinear control laws. The following Section V investigates this hybrid control, with a view to improving the absorption performance of the nonlinear active ER.
V. COMBINATION OF LINEAR AND NONLINEAR IMPEDANCE CONTROL LAWS
Different linear active control laws are taken into account in this section and combined to the previously presented nonlinear control. This allows modifying the whole dynamics of the ER. More specifically, the resonance frequency (at which the absorption coefficient is maximal, or the impedance is minimal and purely resistive) can be tuned through the design parameter ratio µ 2 /µ 1 . Moreover, it has been demonstrated that the absorption bandwidth depends primarily on the amount S d /M as [7] . Accordingly, the linear parts of the hybrid control introduced in this section will be mainly applied by considering the variation of design parameter µ 2 assigned to the compliance, while choosing mass factor µ 1 = 1 so that the bandwidth of absorption of the ER remains nearly unchanged in the linear regime. A brief discussion about the mass factor is given at the end of this section.
First, the linear control law with µ 1 = 1 and µ 2 = 1.5 that maintains the original absorption bandwidth of the ER but shifts the maximum absorption slightly from 200 Hz to 240 Hz is considered. Regarding the target resistance R st , a total absorption (α = 1) is achievable at the target frequency f st when R st coincides with specific acoustic impedance of the air Z c . With such linear configuration, the nonlinearity provided by the hybrid control can only enable the enlargement of the absorption bandwidth. Hence, with a view to assessing the overall effect of the resulting nonlinearity, we first assign a target resistance different from Z c for the present linear control law (defined by µ 1 = 1 and µ 2 = 1.5), i.e., R st = 0.5Z c .
The desired hybrid control is identified by the feedback current being i(t) = t L (t) + i N L (t) with linear part t L (t) satisfying the aforementioned target impedance, and with nonlinear part i N L (t) obtained by implementing the cubic product of the rear pressure (Eq. (8)). Fig. 6(a) and Fig. 6(b) show the achieved absorption curve with nonlinear parameter set as β N L = 40 and β N L = 80 respectively. Simulation results for each relevant configuration is presented in yellow solid lines. The control off case (i(t) = 0) and the pure linear control case (i N L (t) = 0) are illustrated as well in both two figures, with blue dashed lines and violet dash-dotted lines respectively.
In comparison with the pure nonlinear control presented in Section IV, the hybrid control allows for a further improvement of the sound absorption performance. In the presented case, the nonlinear parameter can be even increased and exceed β N L = 80 without satura- tion at loudspeaker, thus enabling the bandwidth of efficient absorption (α > 0.8 as explained in [1] ) larger than 100 Hz. Moreover, when compared to the pure linear control case that is presented with violet dash-dotted lines in Fig. 6 , the nonlinear part of the proposed hybrid control is capable of yielding a noticeable enlargement of the absorption bandwidth and a light increase of the absorption magnitude.
A good agreement between the experimental results (red dotted lines) and the simulations results (yellow solid lines) is observed with such hybrid control. Whereas the nonlinear-only case shows some mismatches due to the approximate characterization of the passive system parameters, the additional linear control part allows fully prescribing the linear impedance of the baseline ER, making the result much closer to the specified one. Otherwise, for each of the excitation levels detailed in Table II , Fig. 6(c) presents the values of the nonlinear parameter β N L required for achieving the same absorption result as the one presented in Fig. 6(b) obtained under excitation level of 20 mVrms and with β N L = 80. The ability of such hybrid control in improving sound absorption at low intensities is herein confirmed, regardless of the excitation level.
Following the previous configuration, Fig. 7 presents the absorption coefficient obtained by modifying the linear part control law. Here, the reactive parameters are set so that to preserve the same linear target resonance frequency f st as in Fig. 6 (µ 1 = 1 and µ 2 = 1.5), while varying the target resistance to R st = 0.3Z c (Fig. 7(a) ) and R st = Z c (Fig. 7(b) ) respectively. The comparison of the results in Fig. 6(b), Fig. 7(a) and Fig. 7(b) , all obtained with the same value of nonlinear parameter β N L = 80, shows that a lower target resistance within the range of R st ≤ Z c is less advantageous for the improvement of absorption performance through the corresponding hybrid control. Otherwise, the comparison between pure linear control (violet dashed-dotted lines) and the hybrid control (red dotted lines) results indicates that, when the target resistance is close to the specific acoustic impedance of the air, the nonlinear effect leads dominantly to an increase of the absorption bandwidth. Differently, for lower target resistances, the nonlinear effect enables not only a broadening of the absorption bandwidth, but also an increase of the absorption level.
Similar to the configurations presented in Fig. 6 and Fig. 7, Fig. 8 shows the absorption curves obtained with different reactive parameters of the linear control part (µ 1 and µ 2 ), while maintaining the target resistance to R st = 0.5Z c and the nonlinear control law with parameter β N L as large as possible, provided that the whole system remains stable (without saturation).
A linear configuration allowing augmenting the (linear) target resonance frequency of the AER from the one of the natural resonance frequency of the ER. Nevertheless, since the frequency location of the maximum absorption is shifted away from the natural resonance frequency, the addition of non-linear control cannot compensate for it and increase the absorption as much as in the previous case (µ 1 = 1 and µ 2 = 1.5).
Furthermore, the case where the (linear) target resonance frequency is shifted towards low frequency is also considered and presented in Fig. 8 frequency of maximum absorption is tuned lower than the natural resonance frequency of the passive ER, the nonlinear parameter β N L needs to be negative to enable absorption improvement. With the design parameter µ 2 decreasing until 0.5, an absolute value of 40 for β N L is proved achievable in measurement without saturation. Comparing to the cases of µ 1 < µ 2 (e.g., Fig. 6(a) ), one can notice that in the present configuration, the hybrid control does not yield significant sound absorption performance improvement, hardly enlarging the absorption bandwidth, although it still allows the absorption curve to be increased up to 0.95 near the natural resonance frequency.
In addition to the previous configurations, Fig. 8 (c) and Fig. 8(d) present the control results for linear target impedance defined with µ 1 = µ 2 preserving the (linear) frequency of maximum absorption of the passive ER (µ 1 = µ 2 = 1 in Fig. 8(c) and µ 1 = µ 2 = 2 in Fig. 8(d) respectively) , and with the target resistance set to R st = 0.5Z c as in the previous case, thus showing two different (linear) resonance quality factors. With µ 1 = µ 2 , the hybrid control presents less advantages in sound absorption improvement, it can only slightly enlarge the absorption bandwidth. Otherwise, notice that linear active control allows to broaden the absorption bandwidth by defining µ 1 = µ 2 < 1 [1, 7] . While when taking into account such linear transfer law for the hybrid control, the nonlinear parameter β N L can not be increased to the same level as for the case of µ 1 = µ 2 ≥ 1, thus in such configuration, the generated weak nonlinear effect leads only to a tiny improvement of absorption which is still less interesting.
Hence, according to the results obtained in this section with different hybrid control laws, we conclude that the nonlinear effect enabled via the active control allows always for enhancing the absorption performance of the considered ER. Depending on the linear part of the control law, the generated nonlinearity can play a role of variable importance, i.e., either in expanding the bandwidth or simultaneously increasing the magnitude and enlarging the bandwidth of effective absorption. The optimal hybrid control law includes a linear part that slightly shifts the linear maximum absorption towards high frequency. Comparing to the individual linear or nonlinear active control, the hybrid control presents more advantages in improving the absorption performance of the considered ER, thus having the potential to be widely used for future low-frequency sound absorption.
VI. CONCLUSION
Based on an experimental prototype developed for achieving linear active impedance control on a closedbox electrodynamic loudspeaker, a novel nonlinear active impedance control has been introduced and implemented in the present work. Thanks to the linear relationship between the displacement of the loudspeaker diaphragm and the rear pressure, within the low frequency range of interest ((50 Hz, 600 Hz)), a nonlinear AER with cubic nonlinearity has been experimentally achieved, allowing its combination with the already existing linear active ER scheme.
Our study has been focused on the absorption performance of the resonator, by first considering a pure nonlinear control, and then a hybrid control that combines linear and nonlinear control laws. Unlike the other nonlinear mechanisms that requires significantly high pressure levels to enable the nonlinear effect manifestation, such as reported in the literature on NES used also for the absorption enhancement, the reported control architectures, especially the hybrid control, allows for efficient nonlinearity generation at much lower excitation levels. Compared to the employed passive SDOF ER presenting a maximum absorption coefficient of about 0.65 at its natural resonance frequency, with an excitation level of 20 mVrms, a considerable increase in absorption coefficient above 0.8 can be achieved through the proposed hybrid control within a frequency range larger than 100 Hz.
In the present work, a cubic nonlinear control law on the diaphragm displacement is taken into account. In order to ensure that the performed control operates as defined, a time domain integration method is used to simulate the full problem. A relatively good agreement has been found between the experimental results and the simulation implementations. Such nonlinear control law is also presented as an active manner to achieve a cubic nonlinear stiffness on the resonator. Additionally, the proposed nonlinear active control not only facilitates the generation of nonlinearities on the ER, but also allows them to be adjustable and reprogrammable which is very difficult to obtain using mechanical non-linearities.
Nevertheless, since the reported nonlinear and hybrid control results strongly depend on the passive acoustical parameters of the considered ER, i.e., mass M as , compliance C ac , resistance R as and the force factor Bl, that are numerically extracted from two impedance measurements with different electric loads, performance could be further improved by additional measurement, for instance by evaluating the effective area of diaphragm S d . Alternatively, the hybrid control law is investigated herein, i.e., with linear part confines resonator being SDOF and with nonlinear part focus on the cubic nonlinearity generation. In the future, other types of nonlinearity that may achievable through the proposed experimental prototype can also be considered, combined or not with active linear multiple-degrees-of-freedom ER, with the aim of further improving the sound absorption.
As a perspective, such active control scheme could be employed in the acoustic metamaterial designs, in a view to achieving non-trivial wave phenomena. Indeed, an unit-cell implementing the reported active control scheme, with two microphones (one sensing the front pressure and another the rear pressure related to the diaphragm displacement), could intrinsically present negative effective bulk modulus for instance. Combining a nonlinear law with such a linear active control, a new family of nonlinear active metamaterial with potentially larger bandwidth could be developed.
